Abstract-THz wireless signals have become of interest for future broadband wireless communication. In a scenario where the wireless signals are distributed to many small remote antenna units, this will require systems which allow flexible frequency tuning of the generated THz carrier. In this paper, we demonstrate experimentally the implementation of two tuning methods using an optical frequency comb generator for coherent optical frequency tuning in THz wireless-over-fiber systems. The first method is based on using a photonic integrated circuit optical phase lock loop (OPLL) subsystem implemented as a high quality optical filter for single comb line selection and optical amplification. The OPLL generates an optical carrier, which is frequency and phase stabilized in reference to one of the optical comb lines with a frequency offset precisely selectable between 4 and 12 GHz. The second method is based on optical single sideband suppressed carrier (SSB-SC) modulation from the filtered comb line using an optical IQ modulator. With this technique, it is possible to suppress the other unwanted optical tones by more than 40 dB. This generated optical carrier is then heterodyned with another filtered optical comb line to generate a tuneable and stable THz carrier. The full system implementations for both methods are demonstrated by transmitting THz wireless signal over fiber with 20 Gb/s data in QPSK modulation. The system performance and the quality of the generated THz carrier are evaluated for both methods at different tuned THz carrier frequencies. The demonstrated methods confirm that a high quality tuneable THz carrier can easily be implemented in systems where dynamic frequency allocation is required.
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I. INTRODUCTION

P
HOTONIC generation of millimeter wave (mm-wave) signals is becoming a promising technology for generating The high quality, easily tuned RF carriers in spectral regions with wide bandwidth available for broadband signal modulation [1] , [2] . THz wireless-over-fiber has recently become of great interest for future ultra-broadband wireless communication, where a large free bandwidth can be used to cope with increasing demands from consumer applications [3] . Many works have already been reported which demonstrate transmission of wireless THz signals with data rate of more than 100 Gbps using high spectral efficiency modulation formats and multicarrier transmission systems [4] - [8] . Most of these systems are based on generating the THz carrier using optical heterodyning of two free-running lasers at the high speed photodetector. This has the great advantage of simplifying the transmitter design, and offers easy tuneablity of the RF carrier and frequency allocation. However, the generated RF carrier encounters frequency fluctuations due to the phase noise and relative frequency instabilities of the two uncorrelated laser sources. This leads to a reduction of the quality of the modulated signal and impairs the system performance. Therefore, digital signal processing (DSP) at the receiver will be required to remove the offset frequency, and recover the phase of the modulated signal. This increases the system latency and complicates the digital post-processing algorithms at the receiver. The International Telecommunication Union (ITU) specifies the frequency tolerance to be less than ±1.9 MHz for radio frequencies in the range of 30-275 GHz [9] . Practically, this cannot be obtained using two free running lasers over practical operating temperature ranges [10] . A dual wavelength source monolithically integrated on the same chip is a compact solution and generates a more stable mm-wave, where the two lasers experience the same temperature conditions [11] - [13] . However, there are still some instabilities in the carrier frequency, requiring feedback thermal stabilization [14] . In order to generate a stable RF carrier with high spectral purity, the phases of the two optical sources have to be locked together. This can be achieved if they are generated from the same optical source. An optical frequency comb generator (OFCG) is an effective method for generating phase correlated optical tones equally spaced by the driving RF-frequency. Several techniques have been demonstrated to generate optical combs based on modulating the optical carrier using an optical modulator or semiconductor devices [15] - [17] . Two optical tones, spaced by 0733-8724 © 2018 Crown Copyright the required offset frequency, can then be selected by using narrow optical filters or optical laser locking techniques [13] , [18] . Using an OFCG has shown improved performance of the generated RF carrier and reduction of the complex computations at the DSP receiver [19] . However, this method constrains the frequency tuneability of the RF carrier to multiples of the fixed frequency spacing between the comb lines of the OFCG, and limits the flexibility of the frequency spectrum for the entire system.
In this paper, we present two methods for coherent optical frequency tuning of the generated THz wireless signals combined with an OFCG. Fig. 1 shows the proposed system for the THz wireless-over-fiber link. The comb lines are split for optical modulation with data, and the other optical lines are used for optical local oscillators (LOs). Those optical LOs can be tuned using optical frequency shifters (OFSs), and then mixed with the optical modulated signals at the photodetector. The first proposed method is based on using a photonic integrated circuit optical phase lock loop (OPLL) as a sub-system, consisting of a slave laser whose phase is locked to that of the comb line with additional tuneable frequency offset [20] . This frequency difference is precisely defined by the RF reference source that also forms part of the heterodyne OPLL. The OPLL system is a well-known technique for generating a coherent carrier with offset frequency [21] - [23] . The second method is achieved by generating an optical carrier from single sideband suppressed carrier (SSB-SC) modulation of the optical IQ modulator. Several works have previously demonstrated the realization of optical frequency shifting based on the optical SSB-SC method. These works were based on using a single, or dual electrode Mach-Zehnder modulator (MZM) [24] - [27] . The OPLL and optical SSB-SC techniques used in the paper are implemented experimentally in a THz wireless-over-fiber link, and demonstrated with 10 GBaud QPSK signals at different offset frequency tuning. The system performance is evaluated for both proposed methods, and their relative merits discussed.
II. FREQUENCY TUNEABILITY USING OPTICAL PHASE LOCK LOOP (OPLL)
This section describes the OPLL method as a sub-system for optical filtering and tuning of the optical carrier. The OPLL consists of a photonic integrated circuit (PIC) and an electronic feedback loop. The PIC includes a distributed Bragg reflector (DBR) laser, semiconductor optical amplifier (SOA), and 12 GHz microwave photodiode [18] . All opto-electronic components are monolithically integrated on a single InP-based chip with dimensions of 2 mm × 6 mm [28] . The electronic feedback loop was designed using commercially available electronic components for controlling the frequency and phase locking of the slave laser.
The experimental arrangement for the optical tunable coherent THz frequency system using the OPLL is shown in Fig. 2 . A single wavelength laser source (Santec tunable laser) of 10 kHz linewidth at 1533.14 nm is used to generate the optical comb. The optical comb produces optical phase correlated tones spaced by 15 GHz using a dual-drive MZM [29] . The optical comb is then optically amplified and split using a 3-dB coupler into two optical paths. One optical tone is selected using an optical filter with a 10 GHz bandwidth, and used for optical modulation with data using an IQ optical modulator. The modulating signal was generated from an arbitrary waveform generator (AWG) from Tektronix (AWG7000) with sampling rate of 50 GSamples/s, electrically amplified, and fed into both RF inputs of the IQ modulator (Covega BW< 20 GHz). However, in the lower optical branch, the entire optical comb is coupled into the OPLL sub-system to filter out one of the optical lines. In the OPLL sub-system, the signal from the OFCG is heterodyned mixed with the integrated slave laser on an integrated PD. The output of the heterodyned signal is then amplified, and its phase compared with an RF reference. This generates a feedback signal for adjusting the phase of the slave laser. It should be noted that the frequency offset between the comb line and the slave laser is precisely specified by the frequency of the RF reference, and tuned with the same precision as the RF synthesizer. In this particular OPLL, the offset frequency is between 4 and 12 GHz and is limited by the bandwidth of the photodiode integrated on the OPLL PIC and the other electronic components in the feedback loop circuit, but OPLLs with higher offset frequency have been reported in [30] . In order to tune the OPLL output to one of the optical comb lines, the wavelength of the slave laser is first set to be close to one of the desired optical comb lines by controlling the grating current of the DBR laser, and then the exact offset frequency is adjusted by the RF reference of the OPLL. Fig. 3(a) shows the optical spectra of the optical comb and the optical tone tuned using the OPLL. As can be seen, the optical comb lines are suppressed by more than 50 dB at the output of the OPLL sub-system (measured with 10 MHz resolution bandwidth), and there is only one optical tone generated from the OPLL, spaced from one of the comb lines by the offset frequency of the RF reference. The wavelength of the slave laser can be positioned on the lower or the upper side of the selected comb line. In Fig. 3(b) , the RF reference is adjusted to give offset frequencies of 4.2 GHz and 6 GHz from an optical comb line which is separated by 15 comb lines (225 GHz) from the selected comb line in the upper arm in the schematic diagram. This gives THz carrier at 229.2 GHz and 231 GHz, respectively. To tune to higher THz carrier frequency, the wavelength of the slave laser is set to be close to the optical comb line spaced by 16 optical lines (240 GHz). This generates THz frequency of 235.9 GHz, and 244 GHz by using an LO frequency of 4.1 GHz, and 4.0 GHz, respectively. Instabilities in the locking occurs if Fig. 4 . Electrical spectra of the THz carrier down-converted to IF frequency when the OPLL is active and inactive. The resolution, and video bandwidth of the spectrum analyzer were set to 300 kHz, and 100 kHz, respectively. the electrical LO is set to a frequency offset that falls in the middle between two optical comb lines. In this experiment, the optical comb lines are spaced by 15 GHz. This will allow only to set the frequency offset up to 7.5 GHz.
The OPLL output and the selected unmodulated optical carrier were heterodyned on an unpackaged uni-travelling photodiode (UTC-PD), and measured using an electrical spectrum analyzer (ESA) after down-conversion to an intermediate frequency (IF). Fig. 4 shows the measured electrical spectra for the cases when the OPLL is locked and unlocked, obtained for a 229.5 GHz THz carrier with a max hold function set to 20 seconds. When the OPLL is inactive, the slave laser is in a free running mode, and the frequency of the generated THz carrier fluctuates within a range of ∼200 MHz. This is due to the thermal instabilities of the two free running lasers, and would require frequency tracking technique in the receiver. However, when the OPLL is locked to the optical comb line the THz frequency is fixed and shows an increase of the carrier power. The sideband peaks around the carrier (at the offset frequency of ±80 MHz) result from the loop bandwidth limitation. When the OPLL is active, the phase noise of the generated carrier is kept at the low level within the loop bandwidth until the power rise of the sideband peaks (which remains less than −55 dBm). The sideband peaks are measured to be 48 dB lower than the generated carrier at resolution bandwidth of 300 kHz, and can be reduced even further by adjusting the loop gain [31] . Furthermore, the phase noise of the heterodyne mixing of the OPLL output with an optical comb line spaced at 34 GHz, 231 GHz, 234 GHz, 236 GHz, and 244 GHz were measured using a Rohde&Schwarz FSU43 spectrum analyzer, and compared with the phase noise of the RF synthesizer (operating at 15 GHz) used to generate the comb lines, as shown in Fig. 5 . The phase noise measurements for frequencies at 231 GHz, 234 GHz, 236 GHz, and 244 GHz show the residual phase noise level of less than −85 dBc/Hz at 10 kHz offset from carrier, when the OPLL is active and locked at 4 GHz and 6 GHz offsets from the selected comb line. This is approximately 15 dB higher than the phase noise measurements at 34 GHz, as expected due to frequency multiplication [32] . We can also see the sideband peaks at 80 MHz resulting from the loop bandwidth of the OPLL. The spurious peaks at 70 kHz, and 30 MHz seem to be coupled from laboratory environment through the unpackaged OPLL.
In the central office (CO), the optical carrier was modulated with 10 Gbaud QPSK with a square root raised cosine (SRRC) filter of 0.1, and then combined with OPLL output. The optical path mismatch between the two arms was compensated by adding fiber to one of the optical paths. Then, the received optical signal at the remote antenna unit (RAU) was amplified by an erbium-doped fiber amplifier (EDFA) and filtered by a 5 nm optical bandpass filter before being photomixed on the UTC-PD. Horn antennas with 20 dBi gain were used at the transmitter and receiver. The received THz signal at the mobile unit (MU) was down-converted to the IF using a sub-harmonic mixer, with the LO provided by a x6 frequency multiplier from an RF source at approximately 12 GHz. The received signal is then electrical amplified and captured by a real time scope of 36 GHz bandwidth and sampling rate of 80 GSamples/sec. The recorded signal length was 10 µsec which corresponds to 200,000 bits. The received signal is then processed offline, by digital down-conversion to the baseband, down sampling (2 Samples/symbol), channel equalization based on blind equalizer algorithm, carrier recovery, and then Viterbi-Viterbi algorithm for phase noise estimation. Then, the bit error ratio (BER) was calculated after signal demodulation by varying the injected optical power into the UTC-PD. Fig. 6 shows the BER measurements versus the received electrical power for four THz signals at carrier frequencies of 229.2 GHz, 231 GHz, and 235.9 GHz. There are only small differences between the BER curves, and all the results are shown to be below the hard decision forward error correction (HD-FEC) limit of 3.8 × 10 −3 for 7% overhead bits.
III. FREQUENCY TUNEABILITY USING OPTICAL SINGLE SIDE BAND SUPPRESSED CARRIER (OSSB-SC)
This section describes the operation of the SSB-SC method used to generate frequency tuneability of the THz carrier. This method is based on filtering one of the optical comb lines and using an optical IQ modulator to generate an optical SSB-SC signal. Fig. 7 shows the schematic diagram of the optical transmitter that is used in the CO in Fig. 2 . In the lower optical branch, a narrow optical filter (Santec tunable filter) is used after an optical amplifier to select one of the optical comb lines. This optical line is modulated by driving both arms of the IQ modulator by an electrical LO. In order to generate SSB-SC, the electrical LO drives both arms of the optical IQ modulator (Photline, BW <40 GHz) with the same magnitude, and 90 o degree phase difference between them. In addition, the biases of the optical IQ modulator are set to the minimum transmission points. In theory, this should suppress totally the optical carrier, and one of the optical sideband signals. However, residual optical carrier and sideband can still be seen on the spectrum.
The offset frequency of the optical SSB-SC can be easily controlled by varying the frequency of the electrical LO, and can be tuned on the both sides of the optical carrier by changing the phase delay by ±90
o . Fig. 8 shows the optical spectra of the optical SSB-SC signal at two offset frequencies measured with an optical spectrum analyzer with a resolution bandwidth of 10 MHz. The optical spectrum shows the optical SSB-SC signal at the offset frequency of 4 GHz and 6 GHz from the filtered optical carrier with a strong suppression of 42 dB, and 34 dB for the other optical sideband, respectively. This has also been inspected in the electrical spectrum analyzer by combining the generated optical SSB-SC with another optical tone spaced by 240 GHz. Fig. 9 (b) shows the electrical spectrum of the down converted THz carrier spaced at 246 GHz. The generated carrier shows a clean, and fixed frequency signal with an electrical suppression to the unwanted peaks by more than 30 dB. The SSB phase noise was also obtained for the beat notes generated at 240 GHz, 246 GHz and 247 GHz, and the RF references at 6 GHz, 7 GHz and 15 GHz, as shown in Fig. 10 . The measured values of the phase noise are almost the same, and higher than the phase noise measurement for the RF synthesizer at 15 GHz, used for the comb generation. This degradation in phase noise is nearly matched with the theoretical phase noise increases by (20 × log (m) = 24 dB), where m is the multiplication number [33] . The observed value is −72 dBc/Hz at the offset frequency of 10 kHz.
We also evaluated the modulated THz signal after 10 km fiber transmission at the MU. The resulting BER is measured for 10 Gbaud QPSK at THz carriers of 240 GHz, 244 GHz and 246 GHz, as shown in Fig. 11 . The THz carriers were selected to evaluate the signal quality from the nearest suppressed optical carriers. As can be seen, there is no penalty shown in the BER measurements, and all BER curves are below the FEC limit. The SSB-SC results verify that the system performs well with using an SSB-SC modulation. However, this limit is higher by 2 dB than that was obtained in the OPLL method, resulted from more optical power generated from slave laser in the OPLL sub system.
IV. DISCUSSION
The generation of high quality THz wireless signals with accurately defined frequency and low phase noise is necessary for future broadband wireless communication. The presented OPLL for coherent THz tuning was realized using a foundry fabricated PIC with a commercial opto-electronic feedback loop. The offset frequency of the OPLL is in the range of 4 -12 GHz, based on the current electronic component bandwidths. The OPLL works as high quality filter with suppression ratio of all unwanted optical comb lines of > 50 dB. When the OPLL is active, the generated THz frequency carrier is very stable, and only sideband peaks at about 80 MHz offset from the carrier and more than 48 dB below the carrier power can be observed. In addition, this method is free from any spurious spectral components. However, the residual phase noise of the generated THz carrier will depend on the summed linewidths of the comb line, and the slave laser. This is due to the linewidth -time delay trade off [34] . In order to phase lock laser with the comb line with linewidth of 1 MHz, the delay within the opto-electronic feedback loop must be less than two nanoseconds. Photonic integration is a key to achieve this reduction of delay within the feedback loop. Moreover, the OPLL can offer optical gain, meaning that the optical power can be greater at the output than at the input of the OPLL. This is particularly important for systems that require high SNR. In this particular system, the OPLL is unpackaged and vulnerable to fiber misalignment which effectively reduces the power level of the optical reference signal to the optical feedback loop leading to loss of lock. Packaging the OPLL PIC will overcome this limitation.
The SSB-SC method showed an efficient and reliable technique to generate a tuned optical carrier. This is simply realized by using an optical IQ modulator and RF reference. The offset frequency can be tuned over a wide range limited by the modulation bandwidth of the optical modulator (40 GHz, in this experiment). The optical carrier and sideband can be suppressed (>40 dB) by fine control of the bias in the optical modulator. The SSB-SC method is not limited by the laser linewidth, as in the OPLL method, and showed a stabilized THz carrier with no side peaks around the carrier. The main drawbacks of the SSB-SC scheme is that it is vulnerable to bias drifts of the modulator, and its large losses of the optical power (>30 dB) because the modulator is biased at low transmission points, and therefore needs optical amplification. The spurious spectral components observed from the optical carrier and the other sideband may cause signal distortion and power penalty on the transmission system, if these tones are not suppressed well. This solution could be improved further if another laser is used as a slave laser to filter only the tuned optical tone using optical injection locking, which would also give more optical power to the optical carrier at the expense of considerably increased complexity.
V. CONCLUSION
We have demonstrated experimentally techniques for the optical generation of stable, frequency tuneable THz wireless signals using the OPLL and SSB-SC methods. Both schemes enabled the generation of spectral purity THz carriers. The OPLL method gives strong suppression of the unwanted optical comb lines, and provides optical gain to the selected line. However, the performance of OPLL is limited with the summed linewidths of the comb line and the slave laser. On the other hand, the SSB-SC method suffers from unwanted spurious spectral components, and requires more optical amplification. The arbitrary THz carrier frequency generation in CO is a potential solution for dynamic and flexible carrier tuning for distributing THz signals to multiple RAUs. In 1989, he joined STC Technology Laboratories, Harlow, U.K. (later acquired by Nortel), where he was engaged for several years in the design and development of InP-based semiconductor lasers for undersea optical systems and other applications. Subsequent work at Nortel involved research into various aspects of optical communications systems and networks, including wavelengthdivision multiplexing, all-optical wavelength conversion, optical regeneration, and optical packet switching. 
